Abstract. Radio Link Quality Estimation (LQE) is a fundamental building block for Wireless Sensor Networks, namely for a reliable deployment, resource management and routing. Existing LQEs (e.g. PRR, ETX, Four-bit, and LQI ) are based on a single link property, thus leading to inaccurate estimation. In this paper, we propose F-LQE, that estimates link quality on the basis of four link quality properties: packet delivery, asymmetry, stability, and channel quality. Each of these properties is defined in linguistic terms, the natural language of Fuzzy Logic. The overall quality of the link is specified as a fuzzy rule whose evaluation returns the membership of the link in the fuzzy subset of good links. Values of the membership function are smoothed using EWMA filter to improve stability. An extensive experimental analysis shows that F-LQE outperforms existing estimators.
Introduction
In wireless sensor networks (WSNs), communication links are known to be extremely unreliable as they often experience significant quality fluctuations and weak connectivity. Link unreliability is partially due to the use of low-power radios, which are shown to be very sensitive to noise, interference, and multipath distortion.
Link quality estimation is a fundamental building block in the design of higher layer protocols, namely topology control, routing, and mobility management protocols. For instance, routing protocols rely on link quality estimation as a support mechanism to select the most stable routes for data delivery [1, 2] . Stable routes are built by selecting links with the highest quality. Building such routes will improve the network throughput and maximize its lifetime, namely (i.) increasing the end-to-end probability of message delivery, (ii.) avoiding excessive re-transmissions over low quality links and (iii.) minimizing the route re-selection operation triggered by links failure.
Several link quality estimators (LQEs) have been reported in the literature [3, 4, 5, 6, 7] . They can be classified as either hardware-based or software-based. Existing LQEs (hardware or software) base their estimation on a single link property. However, other properties contribute to link quality, e.g. stability and channel quality. We alert the reader that we make a difference between channel quality and link quality. We define channel quality as a particular property of the communication link, which can be assessed by the SNR (Signal-to-Noise Ratio). Link quality represents the overall quality of the communication link, as it takes into account all (or a set of) link properties, including channel quality property.
In order to better estimate link quality, we advocate combining several important link properties, to get a holistic characterization of the link. In this paper, we propose a LQE that combines multiple metrics in order to achieve this goal. Link quality is affected by several aspects that are usually imprecisely measured. Fuzzy logic provides a convenient language to express and combine such imprecise knowledge. Thus in this work, we resort to fuzzy logic to estimate link quality. Individual link properties are stated in linguistic terms and combined in a fuzzy rule whose evaluation gives the degree of membership of the link in the fuzzy subset of good quality links.
The rest of this paper is organized as follows: in Section 2, we discuss the limitations of existing LQEs. In Section 3, we justify the use of Fuzzy Logic for link quality estimation. Then, we introduce our Fuzzy-link quality estimator (F-LQE) in section 4. Our experimental methodology for the performance evaluation of F-LQE is presented in Section 5 and experimental results are given in Section 6. We conclude in Section 7. We would like to mention here that the experimental results reported in section 6 confirm extensive simulation results obtained using TOSSIM. Details of the Simulation scenarios and results are omitted due to lack of space.
Limitation of Existing Link Quality Estimators

Hardware-Based Link Quality Estimators
Three LQEs belong to the family of hardware-based LQEs: LQI (Link Quality Indicator), RSSI (Received Signal Strength Indicator), and SNR (Signal-toNoise Ratio). These estimators are directly read from the radio transceiver (e.g. the CC2420). Their advantage is that they do not require any additional computation. However, as reported in previous studies, hardware-based estimators do not provide accurate estimates [8, 9, 10, 4] , mainly for the following reasons: First, these metrics are measured based on the sample of the first 8 symbols of a received packet and not the whole packet. Second, these metrics are only measured for successfully received packets; therefore, when a radio link suffers from excessive packet losses, they may overestimate the link quality by not considering the information of lost packets. Third, despite the fact that hardware
